Abstract-Glomerular capillary hemorrhage (GCH) in rat kidney provided a model for assessing in vivo gas body efficacy in diagnostic or therapeutic applications of ultrasound. Two diagnostic ultrasound machines were utilized: one monitored the harmonic B-mode contrast enhancement of the left kidney and the other exposed the right kidney for GCH production. Definity contrast agent was infused at 1, 2, 5, or 10 µL/(kg·min) and infusion durations were 30, 60, 120, or 300 s. Exposure of the right kidney was at a peak rarefactional pressure amplitude of 2.3 MPa at 1.5 MHz. The circulating dose was estimated with a simple model of agent dilution and gas body loss. For 300 s infusion at 5 µL/(kg·min), the left kidney image brightness increased to a plateau with an estimated 6.4 ± 1.3 µL/kg circulating dose with no GCH in histological sections. Exposure of the right kidney with a 1-s image interval reduced the estimated circulating dose to 1.3 ± 0.3 µL/kg and induced 68.4% GCH. Dose and duration increases gave rapidly diminishing treatment effectiveness per gas body. The effective in vivo agent dose in rats can be reduced greatly due to high gas body destruction in the small animal, complicating predictions for similar conditions of human treatment.
I. INTRODUCTION
T HE STUDY of ultrasonic cavitation biology has been aided by the availability of contrast agents for diagnostic ultrasound imaging. These agents are injectable suspensions of gas bodies (stabilized microbubbles), which circulate with the blood and yield enhanced ultrasound image brightness. The strong echoes result from pulsation of the gas bodies in response to the pulses of diagnostic ultrasound, for which peak rarefactional pressure amplitudes (PRPAs) exceeding 1.9 MPa (giving a tension 19 times atmospheric pressure) are common. Gas bodies in commercial contrast agents can be destabilized at PRPAs within the range of diagnostic ultrasound and rapidly disappear from the image. The gas bodies can also serve as individual nuclei for acoustic cavitation, which is of value for in vivo cavitation biology research. For this purpose, the contrast agent can be considered to be a cavitation-nucleation agent for adding nuclei to the circulation. The cavitation phenomenon can induce microscale bioeffects in tissue. This bioeffect mechanism poses some risk of harm in contrast-enhanced diagnostic ultrasound [1] . Conversely, cavitation bioeffects provide new means for therapeutic applications of ultrasound using controlled nucleation with image-guided treatment. Several bioeffects have been associated with the use of contrast-agent-enhanced ultrasound, particularly in certain intermittent modes, which utilize the gas body destabilization and destruction for perfusion imaging [1] . An important bioeffect is rupture of capillaries. For example, in the kidney, glomerular capillary hemorrhage (GCH) flows into Bowman's urinary space and the associated tubules [2] , [3] . Prospective therapeutic applications include directed drug delivery and gene therapy [4] , among others [5] . However, the basic dosimetric understanding of the circulation and persistence of gas bodies remains limited and the efficiency of the gas body dose for cavitation-nucleation and microscale bioeffects is uncertain.
Contrast agent gas bodies can nucleate inertial cavitation for exposure above the inertial cavitation threshold [6] . However, the destabilization and loss of contrast is not directly connected to inertial cavitation-nucleation. This can be demonstrated in physical testing [7] . In particular, the destabilization is not directly associated with ultrasound exposure in terms of the onscreen mechanical index (MI) [8] . In biological testing, the contrast agent gas bodies can be destroyed without inducing bioeffects such as glomerular capillary rupture, even when the PRPA of the imaging pulses are sufficient for this bioeffect [9] . Continuous imaging at high PRPA produces minimal effect, while widely spaced intermittent scans with a fast sweep (brief image pulse sequences at a point) produce maximal effect. On the other hand, the agents can nucleate cavitation leading to bioeffects even after loss of image contrast [10] . This confusing situation complicates safety considerations for contrast-enhanced diagnostic ultrasound and development of optimal efficacy strategies for therapeutic applications.
The well-defined GCH bioeffect in kidney represents a model system for evaluating the relation between gas body infusion, cavitation nuclei dose, and capillary hemorrhage. Simple estimates of gas body efficacy, which neglect gas body loss, for GCH seem to indicate a rather low probability for a gas body to nucleate cavitation and rupture a capillary. Definity ultrasound contrast agent (perflutren lipid microsphere injectable suspension, Lantheus Medical Imaging, Inc., North Billerica, MA) contains up to 1.2 × 10 10 mL −1 gas bodies (package insert) with a recommended dose of 10 µL/kg. Rats have a blood volume of 64 mL/kg of body weight [11] . Therefore, the recommended dose would provide 0.156 µL of Definity, or 1.9 × 10 6 gas bodies per milliliters of blood in the circulation. The volume of the capillaries in a rat glomerulus is about 0.58 × 10 −6 mL [12] . Thus, each glomerulus might contain an average of 1.1 gas bodies at any given time after intravenous (IV) injection and dilution of the recommended dose in the circulating blood. From this estimate, the exposure of the kidney to a single ultrasound scan in excess of the cavitation threshold might be expected to yield GCH approaching 100% of the glomeruli. In fact, diagnostic ultrasound scanning only produced 37% GCH after 60 scans at 1 s intervals (to allow refill of the kidney tissue in the scan plane with blood containing contrast agent between images) during infusion of the recommended dose [3] . This suggests a very low efficiency of cavitation-nucleation yielding induction of the bioeffect for circulating gas bodies, perhaps less than 1%, which does not seem reasonable in the given ideal size range of the gas bodies. A more accurate accounting of the gas bodies in relation to the resulting bioeffects is clearly needed. Such an accounting is particularly important for a meaningful extrapolation of bioeffect risk or therapeutic efficacy in animal models to potential human examinations or treatment.
The purpose of this study was to examine the GCH bioeffect in relation to the in vivo gas body dose. A method for assessing the concentration of circulating gas bodies in real time was needed. Ultrasound contrast agent imaging methods are suitable for this purpose, including harmonic image flash replenishment [13] , [14] , Doppler [15] , and other methods [16] . For this study, the left kidney was observed using an ultrasound machine with second harmonic B-mode imaging and used to generate time-intensity curves (TICs) of image enhancement. These curves are indicative of the increase in circulating contrast agent, as it is infused, and gradual decline after cessation of the infusion. In addition, the rats were scanned with a second ultrasound machine from the right side with intermittent diagnostic ultrasound image exposures of the right kidney at high PRPA to induce GCH, as in previous research [3] . The GCH was characterized by counting glomeruli with capillary hemorrhage in histological sections. The contrast agent dosage and exposure duration were varied. Simple modeling was used to interpret the TIC data in terms of circulating dose and to estimate the gas body nucleation efficiency for GCH. These experiments revealed a complicated dose-effect process, which involves substantial gas body loss for the small animals.
II. METHODS

A. Animal Preparation
This investigation was conducted with the approval of the University Committee on the Use and Care of Animals, University of Michigan. A total of 50 rats (CD hairless, Charles River Laboratories, Wilmington, MA) weighing 310 ± 37 g were used in this study. The rats were anesthetized with ketamine (87 mg/kg) plus xylazine (13 mg/kg) injected into the lower abdomen. A 24-gauge cannula was inserted into a tail vein for IV injections. The anesthetized rats were mounted with their ventral surface against a plastic holder, which was then fixed in a vertical position in a water bath filled with degassed water heated to 37
• C. Definity (perflutren lipid microsphere injectable suspension, Lantheus Medical Imaging, Inc.) was prepared daily according to the manufacturer's instructions. This contrast agent was diluted in sterile saline to the desired concentration and then the dilution was infused at 0.5 mL/(kg·min). In different groups of rats, the infusion contained 1, 2, 5, or 10 µL/(kg·min) of Definity.
B. Ultrasound Exposure and GCH Measurement
The ultrasound exposure of the right kidney was provided by a diagnostic ultrasound machine, as described previously [3] . Briefly, a phased array probe (FPA2.5, GE Vingmed System V, General Electric Corporation, Cincinnati, OH) was clamped in the water bath and operated at 1.5 MHz with the right kidney located 3.5-4.5 cm from the transducer face. At this position, the PRPA was maximal and the −6 dB scan plane thickness (beam width) was 4.6 mm. The kidney image was a cross section at the pelvis of the kidney. The PRPA at the kidney was determined by calibrated hydrophone measurement, with correction for the attenuation between the skin and kidney (−0.45 dB), and was 2.3 MPa. This in situ PRPA corresponds to the PRPA expected for a MI = 1.9, which is essentially the upper limit for diagnostic ultrasound. Images were triggered intermittently with a 1 or 10 s interval to allow contrast refill between images.
GCH was evaluated by histology, as described previously [3] . Kidney samples were removed, trimmed, and immersion-fixed in neutral buffered formalin. Histological processing was performed at the Research Histology and Immunoperoxidase Laboratory of the University of Michigan Comprehensive Cancer Center Tissue Core. The slides were examined by an observer blinded to the test conditions. Glomeruli were scored positive for GCH when red blood cells were seen in Bowman's urinary space. The percent GCH was calculated as 100 times the count, divided by the total number of glomeruli in the section.
C. Collection and Interpretation of TICs
Another ultrasound machine (Powervision 8000, model SSA-390 A, Toshiba Corporation, Tochigi-Ken, Japan) with curved linear array (PVN-375AT) was used to interrogate the left kidney. Flash echo imaging in harmonic B-mode was used (nominally 2.3 MHz transmit and 4.6 MHz receive frequencies) to enhance the gas body detection relative to tissue. This interrogation probe was aimed at the left kidney, and provided an assessment of the circulating dose of gas bodies specifically appearing in kidney tissue. The left kidney was 3-4 cm away and was magnified somewhat in size in the cross-sectional images of 5 cm depth. The line of aim was about 90
• from the line of aim of the exposure transducer toward the right kidney on the other side of the spine, but the cross-sectional scan plane was about 5 mm lower for the left kidney than for the right kidney. The dynamic range was set to the minimum of 30 dB with the gain adjusted for a nearly dark kidney image in the absence of contrast agent. As an optimum balance between minimizing gas body loss while maximizing detection sensitivity, the PRPA was set to 1.4 MPa PRPA, only one "flash" image scan was used without monitor images, and the scan interval was normally 6 s. This PRPA essentially avoided induction of GCH because it was approximately at the threshold for GCH found previously at this frequency [17] .
The measurement of the TIC was performed using the machine's measurement functions on an oval-shaped region of interest. The region was placed over the left kidney image to include as much of the renal cortex as possible while excluding other bright structures (e.g., intestine), which moved slightly from image to image (due to breathing motion). The TIC function generated a mean illuminance value of the selected region for each image, yielding a curve with up to 101 points, which was saved for offline analysis. The raw values of the TICs, compressed for image display, were indicative of the time-varying numbers of gas bodies in the tissue [13] , [14] . The TICs included the period of infusion (wash-in) and 300 s postinfusion (wash-out). For analysis, the values in the TIC were converted to decibels (i.e., within the 30 dB dynamic range of the image) and adjusted to zero at the baseline (no contrast agent). The illuminance intensity values I were extracted from the compressed decibel image values by the antilog formula
This decompressed illuminance intensity of ultrasound backscatter was considered to be approximately proportional to contrast agent concentration.
In a simple closed-loop circulation with rapid mixing, the circulating dose C i (t) would increase linearly with time t at an infusion rate of c i , thus reaching C o = c i T i at the end of infusion duration T i , which was assumed in the rough calculation outlined in the Section I. However, the circulating gas bodies are lost from the blood through natural processes and ultrasound exposure during infusion at a rate of C i (t)/τ i , in which the loss time constant is τ i . The change in the circulating dose C i (t) of gas bodies with time (the differential d/dt) including gas body loss can be expressed as
The solution to this equation is
For small t, C i (t) is approximately equal to c i t. For sufficient infusion duration (T i >> τ i ), C i (T i ) reaches a plateau equal to c i τ i . The decaying circulating dose C d (t) of the gas bodies after the end of the infusion is calculated similarly
This begins at the concentration existing at the end of infusion and decays to zero for t >> τ d . These two functions [(3) and (4)] are complementary for τ d =τ i , so that the integral over the two parts of the wash-in and wash-out yields the same result (area under the curve), as a rectangular curve of length T i at the plateau level. However, τ i and τ d are not assumed to be equal, because the values of the constants are determined separately, using the TIC data, as described shortly.
For characterization of the TICs in terms of the model functions [(3) and (4)], nonlinear curve fitting of the TIC data with exponential functions was performed (SigmaPlot 11, Systat Software, Inc., San Jose, CA). The mathematical function of (3) was fitted to the TIC data during infusion and (4) was fitted to the TIC data beginning at the cessation of infusion. This returned the value of the time constants and the plateau level in terms of the illuminance intensity. Since the value of the infusion rate c i was known (set by the syringe pump assuming patency of the tail vein connection), the illuminance intensity could be calibrated approximately in terms of the circulating dose. However, it should be noted that the gas body dose contained in the infused volume dose can be altered by several factors (see Section IV).
This model of the infusion and gas body concentration oversimplifies the actual in vivo situation. The dilution of contrast agents (or other drugs) can be described by several models with varying complexity [18] - [22] . The simple model essentially assumed that there was only one diluting volume (the total blood volume). In fact, the initial infusion dilutes into the limited circulation of the veins, right ventricle, lungs, and left ventricle before reaching the kidney. After passing through the kidney, the infusion is diluted into the entire blood pool before recirculating back into the kidney after several seconds. The recirculated concentration then builds with the continued infusion. However, for this study using slow infusions, for which the circulating dose reaches a plateau, the simple model described earlier was useful for estimating the circulating dose achieved in vivo. The infusion time constant τ i as determined was smaller than the true loss (decay) time constant because of the initial dilution effect of the infusion during wash-in. The decay time constant τ d was not influenced by the infusion, and was assumed to approximate the true loss time constant better than τ i . Therefore, the fitted illuminance intensity plateau value was calibrated as C p = c i τ d , with the correction (1 − e T i /τ d ) for smaller values of T i . An overall reduction fraction for the gas body loss was calculated as the estimated circulating dose at the plateau divided by the total dose, which is given by
The value of τ d depends on the test conditions, with a larger value expected for the sham tests and a smaller value expected for the exposure with added gas body destruction in the right kidney.
D. Experimental Plan and Statistics
The interrogation method provided a means to monitor the actual in vivo gas body dosage and account for destruction of gas bodies during exposure. Nine separate test groups were planned in order to examine the relation of the TIC curves to GCH, as listed in Table I . Four different agent infusion dose rates were used; 1, 2, 5, and 10 µL/(kg·min) for 2 min of infusion. In addition, infusion at 5 µL/(kg·min) was timed for durations of 0.5, 1, 2, and 5 min. An intermittent interval of 1 s was used TABLE I  INFUSION AND DURATIONS FOR EACH OF THE NINE TEST GROUPS for all exposures except for one group with a 10 s interval. For each test, the infusion wash-in and wash-out was run twice, both times with the interrogation probe and TIC determination on the left kidney. An additional 5 min delay was taken between the two runs to allow complete washout. The first run was a sham exposure (i.e., a no-exposure control) of the right kidney. The second run added the exposure of the right kidney. This procedure was intended to provide a sham TIC for each individual animal together with an exposure TIC. For one group (A), both runs used a sham exposure, which is referred to as the sham group.
Numerical results for GCH and circulating dose estimates are presented as the mean ± standard deviation for groups of four or five samples, or plotted as the mean with standard error bars. Seven of the total of 50 rats were lost or excluded from the study. Two rats died apparently from the anesthesia. Two rats were excluded from the study because a TIC curve for each rat inadvertently was not retained for analysis. Three rats were excluded due to poor wash-in results indicative of problems with patency of the tail vein infusion setup. Additional animals were used to replace five of these, so that seven test groups had five rats and two groups had four rats, as listed in Table II . For statistical analysis, Student's t-tests or Mann-Whitney rank sum tests were used to compare means of the measured parameters, with statistical significance assumed at P = 0.05.
III. RESULTS
A. TIC Results
The TIC data were collected for each group and analyzed, as described earlier. For group A, a 5 µL/(kg·min) infusion for 5 min, followed by a 5-min wash-out, produced the averaged TIC data, as shown in Fig. 1 . The infusion and decay curves [(3) and (4)] were used to fit the data, and are shown as the solid lines in Fig. 1 . These curves represent the trends in the data well. Average parameters for the curve fitting of individual results are listed in Table II . The plateau in the data indicates a 12.6 dB contrast enhancement of the image for this infusion. The repeated sham was very similar with a 12.7 dB contrast enhancement and the reduction fractions were not significantly different (P = 0.72), i.e., the repetition of the sham test repeated the first result. This confirmed that the double infusion method in the same rat provided a second independent test for exposures, which was not effected by the first sham test. The reduction fractions of 0.26 ± 0.05 and 0.25 ± 0.02 indicate that a substantial fraction of the contrast agent gas bodies are lost during the 5 min infusions even for the sham tests.
Group H received diagnostic ultrasound exposure to the right kidney during the expose test (second infusion). The TIC data are plotted in Fig. 2 for the sham and expose tests. The exposure produced a significant and substantial reduction in the TIC data (see Table II ). The mean image enhancement of the left kidney was 11.6 dB without exposure and 5.2 dB with exposure of the right kidney. In addition, there were a faster rise for the infusion and a faster decline for the decay part of the curves, with a decay time constant of 94.2 ± 19.8 s for the sham, but only 16.0 ± 3.1 s for the exposure. This implies that the concentration of contrast agent in the circulation was decreased by about 80% due to gas body destruction by the exposure of the right kidney and other tissues in the scan plane (e.g., possibly including muscle, stomach, intestine, liver, and large blood vessels). Furthermore, the gas body reduction fraction was 0.054 ± 0.01 in the expose test, which indicates substantial gas body destruction (P < 0.01) above that in the sham test (reduction fraction 0.31 ± 0.07).
The sham tests (group A) had a substantial gas body reduction fraction of 0.25-0.26. This may have been a greater loss than the natural loss without ultrasound, because the interrogation probe exposed the left kidney to ultrasound. To assess the additional loss from the interrogation exposure, two of the group A rats also had two infusion runs, each using a 30 s interval between flash echo frames (in addition to the two infusion with the normal 6 s interval). These four tests with reduced interrogation exposure had a τ d value of 115 ± 11 s, with a reduction fraction of 0.38. The interrogation exposure, therefore, appeared to have only a small impact on the gas body loss (relative to the right kidney exposures).
To confirm and clarify the apparent reduction in circulating gas bodies by the exposure, group I was exposed with a slower intermittent interval of 10 s (compared to 1 s in group H). The TIC data are shown in Fig. 3 , and the characterization parameters are listed in Table II . For this group, the left kidney contrast enhancement was 13.3 dB without exposure and 11.2 dB with exposure of the right kidney. The gas body destruction from exposure was less than for group H (P < 0.001) with a reduction fraction of 0.15 ± 0.02 in the expose test (0.31 ± 0.05 in the sham test). This indicated a reduction in gas body destruction, which was expected for the reduced number of exposure scans during infusion (600 for group H versus 60 for group I).
The dose series of 2 min infusions provide a means to confirm the proportionality of the TICs (illuminance intensity) to circulating gas body dose. The estimated maximum values for the TIC curves are plotted against total infused dose in Fig. 4 for both the sham and the exposure runs (groups B, C, D, and E in Table I ). The linear regressions show proportionality with a correlation coefficient of r 2 = 0.999 for the shams and 0.994 for the exposures. The slope of the line was 0.62 for the shams, and 0.21 for the exposures, indicating that only about 20% of the total infused dose was circulating during exposure at the end of infusion. The intercepts were −0.32 and −0.17, respectively, for the shams and exposures, which suggests that the second harmonic TIC method cannot follow the concentration of agent for very low circulating doses.
B. GCH Results
The GCH for group A was zero for both kidneys. For group H, the left kidney GCH was also zero in histology, apparently showing no bioeffect from the interrogation probe nor from the exposure of the right kidney. However, the left kidney did have a few petechiae grossly visible on the surface of three of five rats in group A (2, 4, and 5 petechiae) and also in group H (8, 4, and 5 petechiae), which indicated that the exposures related to the interrogation scans were near-threshold. The expose test in group H produced 68.4% ± 12.1% GCH in the right kidney, which was significantly different from the null group A result (P < 0.001).
The GCH from the exposures of groups H and I are listed in Table III . The decreased exposure with 10 s interval ameliorated gas body destruction with a plateau circulating dose of 3.6 ± 0.6 µL/kg. In addition, this reduced right kidney GCH (P < 0.001) but only to 30.3%. Apparently, the increased circulating dose compensated substantially for the tenfold reduction in exposure. This illustrates the potential for relative gas body destruction to impact treatment outcomes, particularly for longer duration infusions, which might be designed to enhance results.
The use of an interrogation probe on the opposite kidney appeared to be a useful means to monitor the in vivo dose of contrast agent. Further, GCH results were determined using this methodology with 1, 2, 5, and 10 µL/(kg·min) infusion for 120 s (groups B, C, D, and E in Table I ) and 5 µL/(kg·min) infusions for 30, 60, 120, and 300 s (groups F, G, D, and H in Table I ), all including a 5-min wash-out with results listed in Table III . The GCH results for varied dose are plotted in Fig. 5(a) against the estimated circulating dose for the TIC plateau. The GCH increases rapidly for low doses but becomes nearly constant for higher doses, a phenomenon noted previously [3] . In Fig. 5(b) , the GCH results for varied duration are plotted against the infusion duration. In this range of parameters, the GCH is not proportional to either agent dose or duration but instead rises to a maximum, which further indicates that high doses and long infusion times do not lead to commensurate increases in this bioeffect. A two-parameter exponential rise to plateau [the same mathematical form as (3)] was fitted to both datasets. For Fig. 5(a) , the initial rate of rise was 112%/(µL/kg) with a plateau of 56.5% GCH (r 2 = 0.81), while for Fig. 5(b) , the initial rate of rise was 1.2% per second with a plateau of 66.3% GCH (r 2 = 0.88).
IV. DISCUSSION
The goal of this study was to explore the gas body dosimetry for the GCH effect in rat kidney. A fixed maximum PRPA was used for exposure scans of the right kidney, with variations in the dose and duration of contrast agent infusion. The left kidney was interrogated with a second ultrasound machine operating in second-harmonic imaging mode developed for characterizing the contrast enhancement in tissue. This interrogation mode provided TIC that tracked the circulating dose of gas bodies present in kidney tissue. During infusion, the TIC rose to a plateau and then decayed after the infusion ended. The GCH results were approximately as expected from previous work [3] , but in this study, the TIC results were available for estimating the in vivo gas body dose. Three important dosimetric factors were noted: the large gas body destruction in the small animals, the declining response for increasing doses or durations, and the efficiency of gas body activation for bioeffects.
Simplified theory for the wash-in and wash-out TIC curves allowed the estimation of the reduction of the circulating dose relative to the infused dose and of the calibration of the TIC curves (see Table II ). For 5-min shams, the circulating gas body dose at the plateau of the infusion was estimated to be only 0.25-0.26 of the total infused dose (see Table II ), a reduction that appeared to be mostly the natural gas body attrition in the circulation (plus a small amount of gas body destruction from the interrogation probe ultrasound). For 5-min exposures (see Figs. 2 and 3) , the TIC plateaus were reduced greatly with reduction fractions of 0.054 for 1-s exposure interval. For 2-min exposures and varying infusion dose, the plateau circulating dose was proportional, but reduced to about 20% of the infused dose (see Fig. 4 ). Gas body destruction within the scan plane in small animals represents a substantial factor for estimating bioeffects risk or therapeutic efficacy. The gas body destruction would likely be much less in humans, because a much smaller fraction of the perfused bodily tissue would fall into the ultrasound scan plane. These considerations indicate that the effect achieved in humans due to diagnostic or therapeutic treatment with gas-body-enhanced ultrasound may be much greater than expected based on research protocols developed using rats.
The gas body loss influenced the response to changes in intermittent image interval. Five-minute exposure with 5 µL/(kg·min) infusion and 1 s scan interval induced GCH in 68.4% of glomeruli in the exposure scan plane. The gas body reduction fraction was 0.054 for this treatment. The GCH from exposure with 10 s scan interval was significantly reduced (P < 0.001) to about 30% (see Table III ), but not as much as expected from the tenfold reduction in exposure. For this reduced exposure, the gas body reduction fraction was 0.15. Apparently, the increase in circulating dose, due to the reduced number of image exposures, allowed increased effect from each image exposure.
Strategies to compensate for the gas body destruction might include increasing the dose or the duration of the treatment. When the circulating dose reached a constant plateau level, the gas body destruction rate was equal to the gas body infusion rate. For this equilibrium condition, bioeffects might be expected to build as GCH from each exposure accumulates. Additional GCH results were determined for 120 s infusions giving total doses of 2, 4, 10, and 20 µL/kg, and for 30, 60, and 300 s infusions at 5 µL/(kg·min), all including a 5-min wash-out (see Fig. 5 ). The GCH increased rapidly for low doses or durations but became nearly constant at less than 100% for higher doses or durations, a phenomenon noted previously [3] . The initial rate of rise was 112%/(µL/kg) relative to the estimated circulating dose, with a plateau of 56.5% GCH (r 2 = 0.81). The initial rate of rise was 1.2% per second relative to the infusion duration, with a plateau of 66.3% GCH (r 2 = 0.88), i.e., added gas bodies for higher doses (>0.5 µL/kg) or longer durations of intermittent exposure (>60 s) are much less effective than the initial gas bodies. One factor in this trend may have been the gas body distribution at increasing numbers (Poisson distribution probability). For example, for a circulating dose with an average of one effective gas body per glomerulus, 36.8% of glomeruli would have none and 63.2% would have one or more (36.8% with one, 18.4% with two, etc., according to the Poisson distribution). The initial injury may also lead to a physiological response, which could minimize further injury, as has been observed in lithotripsy research [23] . In addition, at higher doses or infusion durations, the GCH effect could be further limited by self-shielding with high doses increasing attenuation in intervening tissue, or by deterioration of the infusion suspension as gas bodies rise during long durations.
Finally, the efficacy of gas bodies can be approximately determined. The estimated circulating doses at the GCH plateau are not optimum for calculating the efficiency of nucleation and GCH of the infused gas bodies, since the apparent efficacy decreased with increasing dose and duration. The optimum efficiency can be estimated from the low dose (linear) range, which can be judged from the fitted curve in the low-effect linear portion of the response, as shown in Fig. 5(a) . The doseresponse curve for 120 scan exposures indicates that one GCH (about 0.37% in a histology slide) per scan for a circulating dose extrapolated to be 0.39 µL/kg. This linear-range value can be converted into an efficiency estimate for the number of gas bodies required for one GCH. For this calculation, the blood volume of rats was 64 mL/kg [11] and the capillary blood volume of a glomerulus was 0.58 × 10 −6 mL [12] . The number of gas bodies per milliliter of contrast infusion was taken to be 6.9 × 10 9 mL −1 , which takes into account the dilution and passage of the agent through the canula [24] . However, this value neglects losses of gas bodies from the tail vein to the kidney, which are assumed to be a small percentage. These parameters combine to indicate that about 6.7 glomeruli in a histological section (2.5% of an average 273 glomeruli per section) would have one gas body for a 0.39 µL/kg circulating dose. Thus, the circulating dose for one GCH per scan from the low-dose data indicate a nucleation-bioeffect efficiency of 6.7 gas bodies (per GCH), i.e., only about one in seven gas bodies were optimum for cavitation-nucleation and capillary rupture under the these conditions (with minimal gas body loss). Although this result would change for higher or lower PRPAs and with variation in some other parameters, this estimate may approximate the highest efficiency for this mode of diagnostic ultrasound. Overall, the gas body destruction, reduced response for higher doses or durations, and modest efficiency for bioeffects complicate the consideration of gas body dosimetry in diagnostic and therapeutic applications.
